Fatty acid amide hydrolase (FAAH), an amidase-signature family member, is an integral membrane enzyme that degrades lipid amides including the endogenous cannabinoid anandamide and the sleep-inducing molecule oleamide. Both genetic knock out and pharmacological administration of FAAH inhibitors in rodent models result in analgesic, anxiolytic, and antiinflammatory phenotypes. Targeting FAAH activity, therefore, presents a promising new therapeutic strategy for the treatment of pain and other neurological-related or inflammatory disorders. Nearly all FAAH inhibitors known to date attain their binding potency through a reversible or irreversible covalent modification of the nucleophile Ser241 in the unusual Ser-Ser-Lys catalytic triad. Here, we report the discovery and mechanism of action of a series of ketobenzimidazoles as unique and potent noncovalent FAAH inhibitors. Compound 2, a representative of these ketobenzimidazoles, was designed from a series of ureas that were identified from highthroughput screening. While urea compound 1 is characterized as an irreversible covalent inhibitor, the cocrystal structure of FAAH complexed with compound 2 reveals that these ketobenzimidazoles, though containing a carbonyl moiety, do not covalently modify Ser241. These inhibitors achieve potent inhibition of FAAH activity primarily from shape complementarity to the active site and through numerous hydrophobic interactions. These noncovalent compounds exhibit excellent selectivity and good pharmacokinetic properties. The discovery of this distinctive class of inhibitors opens a new avenue for modulating FAAH activity through nonmechanism-based inhibition.
Discovery and molecular basis of potent noncovalent inhibitors of fatty acid amide hydrolase (FAAH)
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structure-based design | medicinal chemistry F atty acid amides (FAAs) represent a class of lipid signaling molecules that modulate a wide range of physiological processes in the central nervous system (1) . As a prominent member of the FAA family, the endogenous cannabinoid anandamide, also known as N-arachidonoylethanolamine or AEA, produces its neurotransmitting effects by binding to and activating two G protein-coupled cannabinoid receptors (i.e., CB1 in the central nervous system and CB2 in the periphery) (2) . Previous studies have shown that the effects of anandamide include neurological pain suppression, antiproliferation of cancer cells, enhancement of feeding behavior, and generation of motivation and pleasure (3) (4) (5) (6) (7) . Endogenous oleamide (cis-9,10-octadecenoamide), also known as a sleep-inducing molecule in the FAA family, was found in the cerebrospinal fluid of sleep-deprived animals (8, 9) . In addition, other neurological activities have been associated with oleamide, including regulation of memory processes, body temperature, and locomotor activity (10) (11) (12) . However, the actions of these lipid messengers are ephemeral because of the hydrolytic activity of a number of enzymes including fatty acid amide hydrolase (FAAH). FAAH is an integral membrane enzyme that degrades these lipid amides (13) (14) (15) (16) (17) and thus terminates their activities. Inhibition of FAAH activity provides an attractive approach for preventing the deactivation of these endogenous lipid messengers and thereby increasing their half-life in various tissues.
FAAH belongs to the amidase signature (AS) superfamily of serine hydrolases (18) and is the only characterized member in mammals (4) . This class of enzyme is defined by a highly conserved primary sequence stretch rich in serine and glycine residues and characterized by a unique Ser-Ser-Lys catalytic triad (18) (19) (20) . FAAH knockout mice had endogenous levels of anandamide elevated more than 15 fold in the nervous system (21) . These mice showed reduced inflammation in a number of models and exhibited reduced pain sensation in various tests (22) (23) (24) . Similarly, pharmacological administration of FAAH inhibitors also exhibited reduced pain sensation and inflammation in mice (25, 26) . Targeting FAAH, therefore, presents a potential new therapeutic strategy for the treatment of pain and inflammation. Additionally, FAAH inhibition may be useful for alleviating sleep disorders and certain neurological-related conditions.
A number of FAAH inhibitors have been identified to date. The initial FAAH inhibitors, such as ATMK (arachidonoyl trifluoromethyl ketone) and MAFP (methoxy arachidonyl fluorophosphonate), are based on the structures of oleamide and AEA ( Fig. S1 A and B) , and have a serine reactive electrophile in place of the substrate amide. Because of their reactive functional groups, these inhibitors are all mechanism based and are not specific for a number of serine hydrolases (15, 27) . More recently, several new classes of inhibitors (Fig. S1C ) have been reported, including α-ketoheterocycles (OL-135) (28), carbamates (URB597) (29) , piperidine ureas (PF-750 and PF-3845) (30) , arylureas (LY2183240) (31, 32) , and others (32) (33) (34) . These recently reported inhibitors are highly potent and selective, with some of them demonstrating in vivo efficacy (26, 35) . The inhibitor cocrystal structures were also reported for MAFP with rat FAAH, and PF-750, PF-3845, URB597, and OL-135 with humanized rat FAAH (36) (37) (38) (39) (40) (41) . However, like ATMK and MAFP, most of the inhibitors disclosed so far rely on covalent modification of the catalytic serine 241 in the active site, either by forming a stable acyl-enzyme adduct or a hemi-acetal with Ser241, which is stabilized by the oxyanion hole. Few examples of potent noncovalent inhibitors have been reported in the literature (33) , and it is worth noting that no noncovalent compounds with cellular activity have yet been disclosed.
In an effort to identify unique, potent, and selective inhibitors of FAAH, a high-throughput screening (HTS) campaign was conducted against an in-house small molecule library. A series of urea-based compounds exemplified by compound 1 (Fig. 1) were identified as potent inhibitors of both rat and human FAAH. Cocrystal structural characterization of compound 1 revealed that it is a substrate type suicide inhibitor. As part of a medicinal chemistry effort to improve potency and selectivity of the HTS hits, we conceived of reducing the reactivity of the urea electrophile to generate inhibitors with a reversible covalent or noncovalent inhibition mechanism. This structure-based design effort led to the successful discovery of a series of ketobenzimidazoles, represented by compound 2 (Fig. 1) , as unique FAAH inhibitors. Through extensive structural, mechanistic, and pharmacological characterization, we demonstrated that these ketobenzimidazoles are noncovalent FAAH binders with inhibition potencies comparable to those of covalent inhibitors. In addition, these inhibitors possess excellent selectivity and pharmacokinetic properties. This report describes the discovery and mechanism of action studies of a piperidine-urea identified by HTS as well as a unique series of potent noncovalent FAAH inhibitors.
Results
Active Site Native Conformation Revealed by Apo Rat FAAH Crystal Structure. To elucidate the molecular basis of inhibition for the HTS hits, we carried out X-ray structural analysis of apo FAAH as well as FAAH in complex with various inhibitors. Because of the difficulties in expressing sufficient amounts of soluble human FAAH enzyme, we used an N-terminal truncated form of rat FAAH for the X-ray crystallographic studies. Note that human and rat FAAH have the same catalytic triad of Ser241-Ser217-Lys142 and also have a similar active site that bears six mutations from rat to human (i.e., Leu192Phe, Phe194Tyr, Ala377Thr, Ser435Asn, Ile491Val, and Val495Met).
We first solved the apo structure of rat FAAH to a resolution of 2.9 Å, which served as a basis for the elucidation of inhibitorprotein interactions. The overall structure of the FAAH protein resembles those previously reported (36) (37) (38) (39) (40) (41) . The core structure of the FAAH monomer adopts an α/β fold with a twisted 11-strand β-sheet in the center and 24 α-helices surrounding the sheet ( Fig. 2A) , resembling that of the first AS structure of bacterial malonamidase E2 (18) (19) (20) . The active site is located in the center cavity defined by an atypical Ser-Ser-Lys catalytic triad which comprises the catalytic nucleophile residue Ser241 along with residues Ser217 and Lys142. There are three channels and cavities leading away from the catalytic core (Fig. 2B) , known as (i) the membrane access channel (MAC), which directs to a protein surface opening facing the membrane bilayer; (ii) the acyl-chain binding pocket (ABP), which is thought to bind the substrate acyl chain during the reaction; and (iii) the cytosolic port (CP), which is believed to serve as the passageway for water molecules to access the catalytic center as well as the exit route for the polar reaction products (36) . In the proximal portion of the active site, the MAC and the ABP are amalgamated into one unified section. Together, the MAC and ABP form a wide channel that is predominantly hydrophobic in nature on one side and moderately polar on the other side.
The active-site areas of the apo structure are identical to those of reported structures that are complexed with ligand, except for the side chains of a few residues, in particular Phe432. Alternate side chain conformations of Phe432 have also been seen in different FAAH structures that have been complexed with ligand. Some nearby residues show coordinated movements following a Phe432 side chain conformational shift, most notably Met436 and Phe381. Our apo FAAH structure has established the native conformation of Phe432 whose side chain orients toward the acylchain binding pocket (Fig. 2B ), resulting in a rather large and broad MAC and a short and narrow ABP. Such structural features in the active site for apo FAAH provide strong support for the hypothesis of the MAC being the putative entryway for various substrates.
Cocrystal Structure Characterization of Compound 1 as a Suicide Substrate Inhibitor. Compound 1 is a representative of a series of piperazine-and piperidine-containing urea compounds that were identified through the HTS campaign as potent inhibitors of rat and human FAAH (Fig. 1) . To understand the molecular recognition of this series of compounds toward FAAH, a cocrystal structure of compound 1 in complex with rat FAAH was determined to a resolution of 3.1 Å. The well defined electron density for compound 1 revealed ligand binding at the active site in the united section of the MAC and ABP (Fig. 3A) . It is interesting to note that compound 1 forms a covalent complex with the protein through a carbamate linkage between the catalytic nucleophile Ser241 and the spiro-benzodioxine piperidine portion of the ligand (Fig. 3A) . The 2-fluoroaniline group is cleaved and is not observed in the structure. The spiro-benzodioxine piperidine moiety is buried in the united section of the MAC and ABP and makes favorable van der Waals contacts with the side chains of a number of hydrophobic residues that line the pocket, including Leu192, Phe194, Leu380, Ile491, Leu404, Thr488, Phe381, Phe432, and Met436 (Fig. 3B) .
In comparison with the apo structure, the active site shows very few changes. The only notable change is in the side chain conformation of residue Met436 whose Cϵ atom rotates about 90°to accommodate the bromine atom of compound 1 (Fig. 3B) . Here, we noticed that Phe432 in the compound 1 cocrystal structure adopts the same conformation as in the apo form. When compared with the reported structures of arachidonyl inhibitor MAFP in rat FAAH (PDB code: 1MT5) and piperidine-urea compound PF-750 in a humanized rat FAAH chimera (PDB code: 2VYA) (36) (37) (38) , compound 1 shows the same covalent mode of inactivation, in which the urea carbonyl is attacked by Ser241, despite the evident difference in the chemical structures of these covalent adducts. Furthermore, the adducts from these ligands, attached to the catalytic Ser241, follow a similar path toward the united portion of the MAC and ABP and make extensive van der Waals contacts with numerous hydrophobic residues in this proximal portion of the active site.
In summary, the structural data revealed that compound 1 inhibits FAAH through urea carbonyl acylation of the catalytic nucleophile Ser241 with the 2-fluoroaniline moiety as the leaving group (Fig. 3C) . Compound 1 behaves as a suicide substrate inhibitor.
Structure-Based Discovery and Characterization of Unique Noncovalent FAAH-Inhibitor Compound 2. Following the characterization of the HTS lead compound 1, we initiated a structure-based medicinal chemistry effort to design unique active-site inhibitors. We were particularly interested in noncovalent or reversible covalent compounds, as they might bring enhanced selectivity and fewer unwanted side effects than any of the known covalent inhibitors. One strategy was to introduce steric bulk α to the carbonyl to reduce its susceptibility to hydrolysis. Various bicyclic and spirocyclic ureas and lactams were designed, synthesized, and then characterized through cocrystal structure analysis. The details of the medicinal chemistry effort are described elsewhere (44) .
A series of ketobenzimidazoles as represented by compound 2 was identified (Fig. 1) . Compound 2 demonstrated potent FAAH inhibition with an IC 50 of 28 nM toward human FAAH and 100 nM toward rat FAAH.
In part to elucidate the molecular mechanism of FAAH inhibition by compound 2, we determined the cocrystal structure of compound 2 complexed with rat FAAH at 2.3 Å resolution. The well defined electron density maps showed unambiguously the binding of the compound at the active site (Fig. 4A) . It was surprising that compound 2, which contains a carbonyl group, does not form a covalent interaction with the catalytic Ser241 (Fig. 4A) . In addition, the cocrystal structure revealed an unexpected and unique binding mode for compound 2. The urea carbonyl of compound 2 is positioned and oriented very differently from that of lead compound 1 (Fig. 4B) . Instead of forming a covalent complex with catalytic residue Ser241, compound 2 locates to the more distal portion of the active site. The distance between the keto carbonyl and the hydroxyl of Ser241 is about 6.3 Å. The compound occupies the united section of the MAC and ABP and then further extends to the long MAC or substrate entry channel (Fig. 4B) . In addition, a water molecule is observed in the oxyanion hole, further indicating that the enzyme remains in the nonmodified form. To confirm that the structure is not an artifact of the crystallization condition, we incubated FAAH with compound 2 at enzyme assay conditions for 1 h at 37°C before setting up crystallization trays. The structure from the preincubated FAAH reveals exactly the same noncovalent binding mode, confirming that compound 2 is unable to form a covalent adduct to the protein. Furthermore, we also incubated the racemate of compound 2 with FAAH under the same condition and solved the cocrystal structure. The electron density clearly demonstrated that only the S-enantiomer was present in the structure.
The high resolution cocrystal structure of compound 2 complexed with rat FAAH allowed us to analyze the key molecular interactions between the inhibitor and the protein in atomic detail. Overall, the interactions between compound 2 and FAAH are predominantly hydrophobic in nature. The ketobenzimidazole moiety of compound 2 is sandwiched between two loops: a loop between residues Ile238 and Ser241, which forms part of the oxyanion hole, and a loop between residues Leu192 and Phe194 (Fig. 5A) . The ethyl moiety fits snuggly in a small cavity formed by Gly239, Gly240, Ser241, and a water molecule in the oxyanion hole at one side, and Phe244 and Phe194 at the other side ( Fig. 5 A and B) . The carbonyl group makes no direct polar interactions with the protein. Instead, the oxygen accepts a hydrogen bond from a water molecule and makes van der Waals contacts with the edge of the Phe194 aromatic ring (Fig. 5A) . Indeed, replacement of the carbonyl group with a methyl group generated a compound that adopts a similar binding mode to compound 2 and maintains similar potency against FAAH (44) , suggesting that the water-mediated hydrogen bond interaction observed for the carbonyl is not critical for the inhibitor binding. The phenyl portion of the benzimidazole fits in a small hydrophobic pocket that is defined by four residues (i.e., Leu192, Ile238, Leu380, and Phe381) (Fig. 5A) . To accommodate the phenyl ring, Leu192 adopts an alternate side chain conformation than that seen in apo and other complex structures (Fig. 5 A and B) . Apparently, none of the other reported inhibitors access this pocket that in fact results from the swing of the Leu192 side chain upon compound 2 binding.
The piperidine ring has an almost perpendicular orientation relative to the benzimidazole ring (Fig. 5B) . A T-shape conformation is formed, placing the alpha proton and the carbonyl in an eclipsed relationship as one would expect on the basis of the minimization of the 1,3 allylic strain (42) . Thus, it appears that the compound binds to FAAH in its preferred solution conformation. Apparently, this T-shape conformation is complementary to the surface of the cavity, providing a near "hand-in-glove" fit. Many favorable van der Waals interactions are observed for the piperidine ring with the residues lining the cavity, including Phe381, Leu404, I491, Phe432, Thr488, and Met436 (Fig. 5B) . In this region, a conformational shift is also observed for Met436, which has a side chain that is shifted, relative to that in the apo structure, to accommodate the piperidine ring. The rest of the molecule orients almost coplanar with the piperidine ring and occupies the distal portion of the MAC. The pyrimidine and benzofuran portions engage with the protein via a few distinctive interactions (Fig. 5C ). Among these interactions, a pyrimidyl nitrogen forms a water-mediated hydrogen bond interaction to the carbonyl of Leu192. The tail benzofuran group is sandwiched between Trp531 and Ile407, forming an aromatic C-H-π interaction with the ring of Trp531.
In summary, the structure clearly reveals that compound 2 is a noncovalent FAAH inhibitor that makes no modification to the nucleophile Ser241 and achieves its high potency mainly through shape complementarity to the large substrate-binding pocket in the active site, including the MAC as well as its united section with the ABP (Fig. 5D) . Compound 2 demonstrates a unique nonmechanism-based inhibition of FAAH activity, which is distinct from almost all known FAAH inhibitors.
Biological Characterization of Noncovalent Compound 2. With structural elucidation of compound 2 as a noncovalent FAAH binder, a series of experiments were performed to examine the inhibition activity of compound 2 in more detail. Following the biochemical inhibition measurement, we carried out whole-cell assays to con- firm the cellular-based activities of these noncovalent inhibitors. Fig. 6 shows the inhibition of FAAH activities in both the human tissue T84 cells and rat RBL-2H3 cells by compound 1 and compound 2 as well as OL-135 and URB597. These four compounds represent three distinctive classes of FAAH inhibitors: irreversible covalent (compound 1 and URB597), reversible covalent (OL-135), and reversible noncovalent (compound 2). Although compound 2 is not covalently attached to FAAH, it still achieves potent cellular FAAH inhibition, with IC 50 s of 320 nM and 951 nM in human and rat FAAH whole-cell assays, respectively.
Next, we measured activities of these ketobenzimidazoles in a panel of cannabinoid related targets, including CB1, CB2, and VR1. Compound 2 demonstrated an excellent selectivity profile against these targets as well as a selectivity over carboxylesterases which other FAAH inhibitors have been shown to target (Table 1 ) (43) . We further evaluated the pharmacokinetics (PK) of compound 2 in rat, and the results are also shown in Table 1 . Compound 2 showed excellent PK properties with a low clearance of 0.4 L∕h∕Kg and a high bioavailability of 92%, making compound 2 suitable for further in vivo studies.
Discussion
Here we have applied a structure-based approach to facilitate the discovery and mechanism of action studies of a series of ketobenzimidazoles as unique, potent, and selective FAAH inhibitors. The molecular recognition and inhibition mechanism revealed by the three-dimensional ligand-protein complex structure clearly demonstrated that compound 2 represents a class of inhibitors that inactivate FAAH activity without a covalent interaction, while the HTS lead compound 1 is an irreversible covalent modifier.
We first solved the rat FAAH structure in its apo form, which offered an unbiased insight into the active-site architecture. To date, each of the disclosed FAAH structures is in its ligand-bound form; from the first rat FAAH structure in complex with a substrate-inspired irreversible arachidonyl inhibitor to the morerecent structures including human-rat chimeric FAAH in complex with various inhibitors (36) (37) (38) (39) (40) (41) . While the main chain of the protein showed very little movement from one inhibitor complex to another, the side chains of a few residues lining the active site were found to be rather flexible. Alternate side chain conformations assumed by these residues, in particular Phe432, which was considered as a dynamic paddle (37) , led to the reorganization of the substrate/inhibitor binding cavities, including the MAC and ABP. An "open-channel conformation" was illustrated for OL-135, and a "closed" one was observed for both PF-3845 and MAFP. In the absence of an apo structure, it was not possible to predict whether the open or closed conformation is induced by ligand binding. Here, the apo structure clearly reveals that the open conformation is the genuine native conformation for the enzyme. In this native conformation, the Phe432 side chain projects into the ABP, resulting in a substantially abbreviated ABP and widely expanded MAC (Fig. S2A) . This observation is consistent with the fact that FAAH recognizes various endogenous lipid substrates with different acyl chains that enter the enzyme through this large and wide MAC. The closed conformation is likely the outcome of the rearrangement of flexible residue side chains upon ligand binding (Fig. S2B) .
The cocrystal structure of compound 2 in complex with FAAH reveals both the inhibitor binding and inactivation mechanism of FAAH activity. Like all other known inhibitors, compound 2 binds in the large active site. However, the compound adopts a significantly different binding mode than that of other inhibitors, including irreversible covalent binders such as our lead compound 1, URB597, MAFP and PF-3845, and reversible covalent ones such as OL-135 and its analogs. Notably, compound 2 does not engage in any specific polar interactions with the catalytic core, especially not with the Ser241 nucleophile. When superimposed onto the PF-3845 and OL-135 cocrystal structures (Fig. S3A) , the headpiece of compound 2, including the ketobenzimidazole and piperidine rings, occupies the proximal portion of the cavity where the MAC and ABP merge. This pocket has been shown to be populated by the terminal groups of those short inhibitors such as OL-135 and the middle section of longer ones like PF-3845. The tail portion of compound 2, including the pyrimidine and benzofuran rings, however, takes a completely distinct path from the acyl tail of MAFP and the trifluoromethyl pyridyl group of PF-3845. Both MAFP and PF-3845 pack their tail portions in the ligand induced, enlarged ABP as a result of the side chain swing of Phe432 plus the coordinated movements of a few nearby residues, including Met436. The tailpiece of compound 2 resides in the distal MAC which has not been exploited previously by other inhibitors, virtually blocking the substrate entryway completely.
Various FAAH-inhibitor cocrystal structures reveal that the FAAH active site has remarkable flexibility. Alternate side chain conformations assumed by several residues lining the cavity modulate the shape and size of the cavity as well as the partition between the MAC and ABP. The protein retains the open conformation when bound to compound 2, with Phe432 assuming the same conformation as in the native state. Yet, two residues in the active site adopt alternate side chain conformations relative to the apo structure (i.e., Met436 and Leu192). Whereas the conformational movement illustrated by Met436 is modest, Leu192 shows noteworthy conformational rearrangement that has not been shown with other inhibitors. The side chain of Leu192 swings into the CP side to accommodate the bulky benzimidazole and makes a stacking interaction with the phenyl portion (Fig. S3B) . It is interesting to note that Leu192 is one of the six residues that differ between human and rat FAAH. As four of the six mutations (Phe194Tyr, Ala377Thr, Ser435Asn, and Val495Met) are not in close contact with compound 2, and the Ile491Val change has minimal impact, the Leu192Phe mutation might be largely responsible for the different binding affinities of compound 2 in rat and human FAAH. When we modeled Leu192Phe to mimic the human enzyme, Phe192 made a good aromatic π-π stacking interaction with the phenyl portion in the benzimidazole ring (Fig. S3B) , which might contribute to the overall binding energy and thus the higher potency of compound 2 for human FAAH. The therapeutic potential of FAAH inhibition has drawn considerable interest for the design of potent and selective FAAH inhibitors. Several chemical classes have been discovered to date (34) ; however, nearly all of them are mechanism based, bear reactive carbonyls, and act as either reversible or irreversible covalent modifiers of the catalytic serine. Here we disclose a series of potent and selective ketobenzimidazoles as a unique class of noncovalent FAAH inhibitors. These inhibitors achieve inhibition of FAAH activity by extensive hydrophobic interactions resulting from shape complementarity to the large active site from the proximal portion to the distal MAC. Further in vivo evaluation of compound 2 and its analogues is underway.
Methods
Rat and human FAAH proteins were expressed in Escherichia coli and purified by Ni affinity column and glutathione sepharose column respectively. Both native crystals and compound cocrystals were grown using the hanging drop vapor diffusion method. X-ray diffraction datasets were collected on both a home X-ray source and a synchrotron source at the Advanced Light Source (ALS) (Berkeley, CA). The structure was solved by the molecular replacement method (Table S1 ). FAAH inhibition was determined by measuring production of fluorescent aminomethyl coumarin by UV absorbance at 460 nm. Pharmacokinetic samples were measured by reverse-phase liquid chromatography with tandem mass spectrometry (MS). Detailed methods are described in SI Text.
